A newly demonstrated defect in RNA polymerase II termination caused by 7SK snRNA knockdown may have revealed a novel mechanism uncoupling RNA processing from transcription.
Transcriptional elongation by RNA polymerase II (Pol II) is promoted by a switch of the positive transcription elongation factor (P-TEFb) from its inactive to its active form, itself a result of release of P-TEFb from a small nuclear ribonucleic particle (snRNP) in which the small nuclear RNA (snRNA) 7SK is complexed to a number of proteins [1] . In this issue of Genome Biology, Castelo-Branco et al. examine the effects of knocking down 7SK in mouse embryonic stem cells, finding an increase in transcription far downstream of normal termination sites [2] .
P-TEFb releases the brakes on paused Pol II
Extensive control of eukaryotic gene expression is exerted at the elongation phase of transcription by Pol II [1] . Control of Pol II elongation is characterized by the default action of negative elongation factors, which include 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole sensitivity inducing factor (DSIF), negative elongation factor (NELF), Gdown1, Gdown1 negative accessory factor (GNAF) and transcription factor IIS (TFIIS). The combined action of these factors generates promoter-proximal paused Pol II, which is found engaged in transcription -but held within the first 100 bp -of approximately one-half of mammalian genes. The transition into productive elongation requires the kinase activity of P-TEFb, which causes phosphorylation of DSIF and the loss of NELF. A new set of factors subsequently become associated with Pol II, which then displays a high elongation rate. At the same time, the site of phosphorylation of the carboxy-terminal domain of the large subunit of Pol II changes from predominately Ser5 to Ser2. Productive elongation complexes facilitate the efficient processing of nascent transcripts into mature mRNAs. Finally, once Pol II passes the polyadenylation site at the 3' end of the transcribed gene, it slows and then terminates, and Pol II and the polyadenylated mRNA are then released.
Because of the prevalence of promoter-proximal paused Pol II and the ability of P-TEFb to cause the transition into productive elongation, metazoans have evolved a unique mechanism for the control of P-TEFb [1] . In rapidly growing cells, most of the P-TEFb population is held in an inactive state by an interaction with hexamethylenebis-acetamide (HEXIM) inducible proteins in the 7SK snRNP. Active P-TEFb is released from the snRNP when, and likely where, it is needed and can be returned to the snRNP as genes are shut down [3] . By means of an unknown mechanism, P-TEFb is globally released by actinomycin D, ultraviolet light, P-TEFb inhibitors or any treatment that inhibits Pol II elongation. This sudden release leads to a transient increase in transcription of many genes that were previously occupied with paused Pol II. Global release of P-TEFb can also be triggered by knockdown of the 7SK snRNA, as used by Castelo-Branco et al., or of factors that stabilize the 7SK snRNA [4] .
Knockdown of 7SK in embryonic stem cells causes defects in termination
To study the global effects of 7SK repression in mouse embryonic stem (ES) cells, Castelo-Branco et al. [2] collected very deep, strand-specific, RNA-seq datasets 6 hours after knockdown using two different small interfering RNAs against 7SK. Analysis of the data revealed an unusual pattern of RNA expression caused by knockdown of 7SK; however, because the pattern of RNA signals is dominated by exons found in stable mRNAs, the global differences between the two conditions were subtle. This can be seen in the UCSC Genome Browser tracks of the forward reads before and after knockdown displayed in the top two rows of Figure 1a . The top two tracks show only the forward direction, with transcription proceeding toward the right. As described in the text, these two tracks were fed into a bioinformatics pipeline that included a subtraction of the control data from the 7SK knockdown data; the difference track is displayed as the third track (KD -control for), and then again as the fourth track (KD -control for), but in this case with an adjustment to cut-off values below −0.01. A difference track with a −0.01 cut-off was also generated from the reverse reads (KD -control rev, bottom track). Arrows indicate regions of runaway transcription. All tracks in the figure, together with other related datasets, have been deposited in the Gene Expression Omnibus (GSE50860). To demonstrate the effect of 7SK knockdown more clearly, we also include in Figure 1 tracks generated from Castelo-Branco et al. datasets following a bioinformatics processing pipeline that included normalization and a simple subtraction of the control dataset from the knockdown dataset (Figure 1a, third track) .
In the difference track (Figure 1a , third track), the sum of the signals over the entire genome is equal to zero. Positive values indicate transcripts that were induced by 7SK knockdown. These positive values are mathematically compensated by negative values primarily over exons of pre-existing mRNAs. Negative changes in exon reads should not be thought of as actual decreases in mRNAs. In fact, it is likely that most mRNAs do not change significantly. Therefore, to enhance further the ability to see the 7SK knockdown-induced transcripts, the difference tracks elsewhere in Figure 1 are presented with a scale that cuts off most of the negative values ( Figure 1a 
'Trouble ahead, trouble behind'
The difference tracks demonstrate that the new regions transcribed after knockdown of 7SK do not have discrete stop-points, but instead the density of transcripts tends to trail off after several hundred thousand base pairs. Strikingly, in many of these regions, the same pattern is mirrored by transcription in the opposite direction (Figure 1a, fifth track) . We suggest that, perhaps, after knockdown of 7SK, Pol II enters a 'runaway' transcription mode and, like a runaway train, is doomed to have a head-on collision, derailing transcription in both directions. According to this hypothesis, we would expect long distances to be covered only when significant opposing transcription is not encountered.
Although Castelo-Branco et al. suggested that 7SK possesses a direct role in repressing gene expression as well as transcription downstream of polyadenylation sites, an alternative explanation is that the increase of active P-TEFb caused by the knockdown could be responsible for the effects observed. In support of this idea, Castelo-Branco et al. noted that HEXIM1 expression was upregulated, and this occurs whenever cells are confronted with extra P-TEFb [1] . In this way, P-TEFb would be 'driving that train' , as described in the Grateful Dead song commemorating a famous train wreck in 1900 caused by an out-of-control engineer, Casey Jones.
Castelo-Branco et al. also found 'trouble ahead, trouble behind' , in that knockdown of 7SK led to an increase in long non-coding RNAs (lncRNAs) derived from antisense transcription upstream of some active genes. Such lncRNAs are frequently coordinately regulated with their sense partners [5] , and their transcription has been shown to require P-TEFb [6] .
Transcription uncoupled from RNA processing
Normally, RNA processing is coupled to transcription, with introns being removed as the gene is being transcribed and 3'-end processing being coupled to termination [7, 8] . One of the most striking results extracted from Castelo-Branco et al. data is that, after 7SK knockdown, Pol II appears to ignore polyadenylation signals and does not terminate downstream of active genes. For example, transcription downstream of two ribosomal protein genes is increased after 7SK knockdown, and the runaway transcription proceeds through downstream genes, again ignoring their polyadenylation signals (Figure 1b,c) .
It appears that, after 7SK knockdown, splicing is also disallowed as the accumulated RNAs in the downstream genes are uniform throughout both introns and exons (Figure 1b,c) . In a related study, disruption of the 7SK snRNP in zebrafish has been demonstrated to affect alternative splicing [9] .
Looking forward
The results described by Castelo-Branco et al., together with our analysis of their data, suggest that knockdown of 7SK causes runaway transcription that is disconnected from RNA processing. This surprising finding provides a window through which the mechanisms of coupling RNA processing to transcription and the consequences of uncoupling might be viewed. The runaway transcription uncovered by Castelo-Branco et al. could also be the explanation for pervasive transcription in which large parts of mammalian genomes are transcribed [10] .
Currently, it is unclear how knockdown of 7SK and the resulting increased levels of P-TEFb caused the observed phenotype, but there are several possibilities. If the normal mechanisms regulating recruitment of PTEFb were bypassed by global release of the factor from the 7SK snRNP, as a result of the knockdown, the resulting elongation complexes or the transcripts themselves might not be appropriately modified. It will be interesting to determine whether the runaway elongation complexes acquire carboxy-terminal domain phosphorylation at Ser2, which is associated with productive elongation. A second intriguing possibility is that 5' capping of the transcript might not be complete. If transcripts were uncapped, they would likely be unstable. However, if they were capped, but not methylated on the
